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• The coaposition of a precipitating ctersrite in all cases was iou; Go be in thermodynamic equilibrium with the adjoining glass. A galvanic c:ell of iro--glass--glass with cobalt oxide--cobalt T ' illustrated the electrochcnical nature of the reactions by oxidation of iron at th iron-glass interface and reduction of cobalt ions at the cobalt-blass
• interface to form dendrites. In all cases fulfillment of local cIcctrr,-neutrality was largely satisfieC by movement of the highly pobilo sodium ions, which j,enerally resulted in an uphill composition gr.dicn1;
for sodium: because of the establishment of an electrochemical potential gradient.
I. INTRODUCTION
Recent studies have supported the theory that chemical bonding occurs between a glass and meta.l when thermodynamic equilibrium -S relative to the low valent oxide of the metal is present at the interface. 3 This requirement is exemplified by a condition wherein beLa phases at the interface are saturated with the metal ox:ide. The addition to the glass of oxides of metals whose poLeiitiai a foh oi.dL:L ion are lower than that of the base metal (e.g. , cobalt oxide ih ad enamel to be applied to iron) was shown by Boron and Pask to lead to the oxlciation of the base metal, after solution of the E;uface oxide, the:
tending to maintain the glass at the interface saturaieci with the ba.. metal oxide. 3 The complexity of the glass compositions studied in t previous work, however, peitted only a qualitative discussion of the interfacial reactions in glass-metal systems. This report presents the resuitsof a more quantitative arid definitive study of the elec1,rochemistry of a model glass-metal system, i.e., iron and sodium disilicate glass containing cobalt oxide.
II. . EXPERINTAI PROCEDE

A. Glass Preparation
Blocks of sodium disilicate glass from the Philadeiphid. Quarts Co. were heated. for 6 hrs.t approximately 1350°C in a platinum crucible; The glass was cast in 3/4. in. diam graphite. molds, annealed,, and sectioned into 1/2 in. lengths. Additional glass cylinders were 4. 4 similarly prepared from a mixture of crushed sodium disilicate glaSs and.Co 2 0 3 . Chemical analyses of these two glass composit.ons showee respectively 6 7.5% Si0 2 -32.5% Na2 0 (glass A) and 4 • 5 Si02-31.0% Na20 (glass B).
B. Thermogravimetric Analyses
Glass-metal composites were prepared by placing oneof the glass disks on a 3/4 in. diam by 1/8 in. thick Armco iron disk and placing the unit in an appropriate crucible (iron disk clown). Prior to assembling the composite, the Armco iron disks had been given a high metallurgical polish, heated in a vacuum of 2 x 10 torr for 20 nun at 950°C and oxidized for 10 rain at 950°C in flowing argon saturated with water vapor at 25°C. The thickness of the oxide coating was calculated from weight gain measurements to be of the order of 2p. The
Iron surface was oxidized to insure wetting of the disk by the glass.
Both recrystallizedalumina and platinum crucibles were used in thethermogravimetric measurements. Composites placed in these crucibles were lowered under a vacuum of 5 x 10 torr into the hot zone of a controlled atmosphere, resistance-heated vertical tube furnace and held for 1-1/2 mm. at temperature. Purified argon was then introdueed to a pressure of 1 atm and the sample was held in the hot zone for another 8-1/2 min.to insure complete sealing of the iron disk in the crucible by the glass.
After sealing, the specimen was transferred to a thermobalance capable of detecting weight changes of 05 mg. The experiments were conducted in air at a number of constant ternperaturesand various times as indicated in Table I .
C. Galvanic Cell Experiment
In order to demonstrate the galvanic or electrochenical nature of some of these reactions, a composite arrangement of unoxidized Fe and Co disks and cylinders of glasses A and B was placed in a platinum crucible, as shown in Fig. 1 . To insure a good external electrical circuit,the two metal disks were connected by spot welding a platinum strip between them. This specimen was sealed under VCUUn1 at 950°C as previously discussed and the heating was continued under a flowing atmosphere of purified argon for 3 hrs.
D. Electron Microrobe Analyses
Each of the above-thentioned specimers after heating was sectioned perpendicularly to the surface of the metal disk. The cross sections were given a high metallurgical polish, and a coating of graphite was vapor-deposited on the •surface to make it conductive and suitable for electron microprobe analysis. The concentration distributions in the glass perpendicular to the glass-metal interface were determined by * means of. an ARL electron microprobe. The analytical technique involved .scanning.a 2i diam beam parallel to the interface at 96ii/min and making a 20 sec. integrated count of the K radiation of Na, Si, Fe, and OL Co. A concentrationvs-distance profile was constructed by taking a number of such measurements at known distances from the interface. Due to the wave length limitations of the spectrometers it was necessary to generate the profile by first simultaneously analyzing for Na, Si, and Fe and then repeating the steps and analyzing for Na, Si, and Co.
Calibration curves for analysis of Si02, FeO, and CoO in the unknown glass were constructed from a selection of chemically analyzed In determining the concentration profile in the glass, specific atten-
• tion was given to analysis of the glass compositions adjacent to analyzed dendrites. This information was used in the calculation of an equilibrium constant.
The solubility of ferrous oxide in sodium disilicate glass at 950°C is given by phase diagrs of. Carter and Ibrahim to be appioxi-'mately 12 wt%, but no information is available on the solubility of coO in this glass. In order to determine this value, a diffusion 'couple was prepared from a disk of Co mta1 which had been oxidized to a thickness of approximately 3611 (15 min. in air at 1000°C) and a cylinder of sodium disilicate glass. X-ray analysis showed the oxide to be predominantly CoO. The couple was given a diffusion anneal of 10 min. at 950°C and the profile and mnterfacial concentration of CoO in the glass was determined by microprobe analysis as described earlier.
"During the anneal the glass did not dissolve all of the oxide so that -5-the interfacial concentration of CoO represents the soii-ibility limit at 950°C, which was found to be approximately 25 wt% CoO.
III. BESULTS AND DISCUSSION
It was pointed out in previous studies3 '5 that a driving force ior reactions exists in a glass-metal system if thermdyriam i. e(111.11.ibrkwi
is not •present. These reactions are initiated at the base metag.H..:
interface In the system iron-giass-ai.r if the g1vs at the nILrf is not saturated with ferrous oxide, then it attempts to reach this condition either by (a) oxidation of the iron by atmospheric oxygen which results in a weight increasC of the assembly, or (b) by a reclox type of reaction of an electrochemical nature between the iron and some constituent in. the glass that has a lower oxidation potential, with no weight increase.
A. Glass-Metal InterfacialReactjons
The experimental conditions for the thermogravimetric experirnenLs are indicated in Table I . In general, those runs conducted in plaLinum crucibles showed an appreciable gain, as seen in Fig 
wherein glass I is in contact with the base iron and glass II is at the site of the Fe-Co alloy dendrite formation. This reaction depend.s on thesubstrate having a higher potential for oxidation than the metal being reduced from its ionic state in the glass. The mechanism involves a transport of electrons from the iron substrate (as Fe2+ enters the glass structure) to the ions in the glass whenever a proper combination of conductive path and nucleation site is available. The conductive path in this case is probably provided by the dendrites themselves, although the possibility of some semiconductiVe mechanism in tne glass close to the interface due to the presence of iron oxide cannot be discounted entirely. If a glass initially containing no iron ions is placed on a clean iron substrate, the very first iron enters the glass by a redox reaction, and the reduced cobalt precipitates out on the substrate iron and alloys with the iron. 3
The material transport phenomena associated with these reactions can be observed in Figs. .3 and 4 . All the iron which has been introduced as a glass oxide component (with the exception of the initial thin oxide layer on the substrate) must be accounted for by the mnount of cobalt which has been precipitated as dendrites sincethere was no atmospheric oxidation as indicated by no gain in weight or heating.
The boundary conditions in this case are an infinite supply of substrate metallic iron and a finite supply of cobalt ions.in the glass. Since the oxygen content of the glass remains constant, an adjustment of the cation distribution must occur locally to maintain el e ctroneutrality. The experiments conducted in platinum crucibles showed not only weight gains but also extensive reaction and decomposition of both glasses A and B at the plat inum-gla s s -air contact circle. The principal compounds formed were identified by x-ray diffraction as Na 2 SiO3 and its hydrates. The mechanism responsible for this reaction is illustrated by the diagram in Fig. 5 . The platinum crucible acts as a path for electrons from the iron to the contact circle where the half-cell reaction.for formation of 0 2 anions from oxygen in air takes place.
As iron gives up electrons, Fe2+ enters the glass displacing an adjoining cation which displaces a cation in ti,irn until the surface anion is balanced. This displacement is accomplished principally by Na because of its high mobility. Earlier discussions in regard to uphill diffusion of Na+ also apply here. As a consequence the glass at the contact circle becomes sufficiently enriched in Na 2 0 to form the metasilicates. The lower gain in weight with glass B is attributed to the concurrent electrochemical reaction (id) which lessens.the need.
for atmospheric oxidation. that the nature of the glass structure is critical. In the case of the galvanic cell (Fig. 1) , the dendrites appear at the cobalt metal surface but not along the platinum strip in contact with glass B. illustrating the necessity for both nucleation sites and available electrons.
In analyzing the composition of a dendrite and its adjacent glass, one obtains a measure of the equilibrium which is established at the cathode of the cell described by reaction (ld). The equilibrium at the cathode is regulated by a balance between equations (lb) and (ic) which yields Fe(alloy) + Co 2 (II) = Fe 2 (II) + Co(alloy)
The equilibrium constant for Eq. (2a) may be given in terms of the activities of the individual species as
If an equilibrium is established at the cathode, it is apparent from relation (2b) that the composition of the alloy precipitated from the glass, will be determined by the ratio of iron and cobalt ions in the glass at the dendrite site.
The iron content of the dendrites of the 9-hr thermogravimetric specimen as a function of the distance from the interface is shown in Fig. 6 with the balance of the composition being cobalt. Table II (Table II) .
The value of Keq at 950°C for reaction (2a) based on the thermodynami functions given, in Lewis and Randall 8 for the elements and the oxides is 146 (Table II footnote A 1eq of 76 requires that the standard free energy for the reaction be -10,560 cal/mole or 1,280 more negative than the theoretical value of -9280 cal/mole for Eq. (ld). This difference could easily be accounted for by theabove complicating factors.
C. Galvanic Cell Reactions
The concentration distributions shown in Fig. 7 were determined by microprobe analysis of a cross section of the galvanic cell shown in Fig. 1 . Not shown by the graph is the. pxistence of dendrites growing from .the cobalt-glass interface (Fig. 8) . This material balance is unaffected by the interdiffusion occurring at the liquid junction interface between the cobalt-free and cobalt-bearing sodium disilicate glasses. The needed transfer of electrons from the iron to,the cobalt disk to complete the circuit was achieved by the external connector between the disks. The external circuit is necessary since, electronic conductivity through sodium disilicate glass, as indicated by the thermogravimetric experiments, is negligible or nonexistent.
Of particular interest is the achievement of a material balance with the nonexistence of either a Na20 or SiO2 gradient over a distance of more than 11,000ji within glass A. This fact suggests a mechanism of "domino-like" mass transport which results from the shorting of the galvanic cell and associated establishment of an electrical potential gradient.
It should also be noted that.the specific data in Fig. 7 (2) The formation of dendrites is associated with the establishment of a galvanic circuit wherein electrons released at the base metal by formation of metallic ions travel by way of the dendrite to the site where the low oxidation potential ions are being precipitated, and the return current is provided by the vacancy flux, or movement of negative "holes", toward the base metal as the cations move toward the precipitating site. Dietzel'° was one of the first who proposed a theory of adherence involving galvanic reactions at the interface, but the proposed cell reactions required atmospheric oxygen which in this study with sodium disilicate glass was found not to be the case.
(3) An adjustment of charges and an electrovalent balance is maintained over relatively long distances by electrolytic transport of cations, principally the highly mobile sodium ions. In all of the cases studied, Na+ diffusion occurred against both sodium concentration and chemical potential gradients. These uphill diffusion gradients were caused by the electrochemical potential gradient imposed by reaction (ld) which resulted in a lowering of the free energy for the entire system. (14) The composition of the dendrites that precipitated was that required for thermodynamic equilibrium with the adjoining glass, and the equilibrium constant was independent of the distance from the metal surface. The glasses at the dendrite surfaces, however, were not saturated with respect to either oxide.
(5) In the experiments on the galvanic cell the glass composition at either interface did not reach saturation with respect to the ôorresponding metal oxide, and glass-metal adherence was therefore poor at both interfaces. The presence of dendrites at the cobalt interface did not produce adherence.
• (6) Saturation of the glass at the glass-metal substrate interface with the oxide of the metal can be achieved only by solution of an oxide formed by preoxidation of the metal. The concentration of the cations at the interface can be subsequently maintained by means of redox reactionsof an electrochemical nature between the substrate metal and atmospheric oxygen or cations, in the glass, of metals whose potentials for oxidation are lower than that of the substrate metal, resulting in dendrites. In the systems reported here the latter mechism was dominant. after 3 hi's at 950°C. 
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